1. Introduction {#sec0005}
===============

Viruses are never able to propagate and survive on their own, *i.e.*, they are totally dependent on a host that they can infect. Consequentially, the field of virology is intimately linked to immunology as, during the long time of co-evolution, the hosts have acquired a vast array of antiviral defense mechanisms and vice versa.

Bovine viral diarrhea virus (BVDV) is probably one of the most wide-spread viruses, at least among the "terrestrial viruses". In this mini review, we will focus on the interplay of BVDV, especially its viral RNA, with the innate immune defense of the host animals, because this is the key element to explain the long-term survival of this virus in its host population. Finally, we hypothesize that the survival strategy of BVDV to induce adaptive and, likewise, innate immunotolerance might provide a new viewpoint for the way the host handle its own, potentially immunostimulatory, self nucleic acids to prevent them from inappropriate chronic activation of the interferon (IFN) system. The pestiviral mechanisms to avoid detection and, thus, to behave identical as the body's own RNA, might well be analogous to the mechanisms of its host not to recognize own structures, the latter being of paramount importance to prevent autoimmune reactions.

2. BVDV and the host' interferon defence {#sec0010}
========================================

2.1. BVD virus life cycle and persistence {#sec0015}
-----------------------------------------

Bovine viral diarrhea virus (BVDV), including the two species (also called 'genotypes') BVDV-I and BVDV-II, classical swine fever virus (CSFV), border disease virus (BDV) of sheep, and several tentative species belong to the genus *Pestivirus* in the family *Flaviviridae* [@bib0005]. BVDV is a cattle pathogen of major importance with a worldwide distribution. Its viral life cycle was recently described in a number of excellent reviews [@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030] and, thus, is only briefly summarized here.

Pestiviruses are single-stranded (ss) RNA viruses with an envelope containing three viral glycoproteins, *i.e.*, E^rns^, E1, and E2. The genome with positive polarity encodes for a single large open reading frame (ORF). By virtue of a large variety of possible mutations, BVDV exists as a cytopathic (cp) and a noncytopathic (ncp) biotype, defined by their effect on cultured cells. Upon attachment of the virus particle to the cell surface, the virus enters its host cell via clathrin-mediated endocytosis. Fusion of the viral with the endosomal membrane is then initiated by acidification of the organelle. Cap-independent translation is mediated by an internal ribosomal entry site (IRES) and the polyprotein is then further processed by cellular and viral proteases into at least 12 structural and non-structural viral proteins. Virus assembly most likely occurs in intracellular vesicles and exocytosis of mature particles occurs in a non-lytic way, at least for the ncp biotype.

Infection of cattle with either biotype results in transient viremia and infected animals show no disease signs, mild diarrhea, fever, and coughing, but severe thrombocytopenia and hemorrhages have also been reported [@bib0035]. Upon resolution of infection, the animals will be protected from re-infections. By contrast, infection of pregnant cows within the first 120 days of gestation with an ncp, but not cp, biotype of BVDV may result in the birth of persistently infected (PI) calves. The clinical symptoms of such PI animals vary considerably and range from unapparent infection to severe growth retardation. Gastrointestinal and/or lung diseases are frequently described, with lung-centered pathology observed mainly in young calves and mucosal pathology predominantly in older animals ([@bib0040], and references therein). These PI calves are highly susceptible to secondary infections with other pathogens, and are at risk of developing fatal Mucosal Disease (MD). The latter can occur at any time during the life of the PI animal if mutations or recombination with viral or cellular RNA with the persisting ncp strain lead to the generation of an antigenically homologous cp biotype (for reviews, see Refs. [@bib0030], [@bib0045], [@bib0050]). However, the development of such a cp biotype in these PI animals is rather an evolutionary misfortune as the cp strain will be eliminated with the death of its host animal [@bib0050]. It is exclusively the ncp biotype of pestiviruses that is transmitted in the long term from PI animals to naïve pregnant host's in order to produce new PI calves [@bib0025]. Hence, persistent infection at the level of the single animal is responsible for viral persistence in the host population. Consequently, it's the PI animals that are specifically searched for and eliminated in order to eradicate BVDV in regional and national control programs [@bib0025], [@bib0055], [@bib0060], [@bib0065].

2.2. IFN induction by pestiviruses {#sec0020}
----------------------------------

As positive-sense RNA viruses, pestivirus replication occurs via a semi-conservative model [@bib0070] using a double-stranded (ds) RNA template to synthesize plus-strand, genomic viral RNA. Accordingly, replicative forms (RF) and replicative intermediates (RI) were detected in BVDV-infected cells, and it was estimated that the RI contain 6--7 nascent strands per template [@bib0075], [@bib0080], [@bib0085]. Thus, pestiviral replication involves the formation of dsRNA intermediates in the cytosol of infected cells as seen with a variety of RNA and DNA viruses [@bib0090]. This could be confirmed in BVDV- and CSFV-infected cultured cells by immunofluorescence or immunoelectron microscopy and flow cytometry using a dsRNA-specific monoclonal antibody [@bib0095], [@bib0100], [@bib0105]. In line with the rather unrestrained replication of the cp biotype of pestiviruses [@bib0110], the amount of plus- and minus-strand viral RNA and, thus, also of dsRNA is up to two order of magnitude higher in cells infected with cp than with ncp viruses ([@bib0095], [@bib0100], [@bib0115], and references therein).

As dsRNA is a potent pathogen-associated molecular pattern (PAMP) [@bib0120], it comes of no surprise that pestiviruses are able to induce a type-I IFN response. However, IFN induction strongly depends on the virus strain, its biotype, virulence, and the cell type being infected. Thus, infection of many cell types by pestiviruses of the cp, but not the ncp, biotype induces IFN type-I synthesis *in vitro* (for review, see Ref. [@bib0125]), whereas in calf testicle cells [@bib0130] and porcine plasmacytoid dendritic cells (pDC) [@bib0135], IFN type-I was induced by ncp BVDV and ncp CSFV, respectively. Notwithstanding, the amount of dsRNA present in cells infected with pestiviruses of the ncp biotype is basically able to induce IFN expression in most cell types, which become obvious as mutant ncp strains lacking the IFN antagonist N^pro^ (see below) replicate to similar or only partially reduced levels as its wt parent strains but readily induce IFN synthesis [@bib0140], [@bib0145], [@bib0150]. Thus, it can be conceived that the threshold for IFN induction, *e.g*., the amount of trigger required to induce an innate immune response, and the effectiveness of the pestiviral IFN antagonists varies between different cell types.

The pattern recognition receptors (PRR) that sense the pestiviral infection are much less well characterized. Viruses are mostly recognized by virtue of their genome (for reviews, see *e.g*., refs. [@bib0155], [@bib0160], [@bib0165]), and thus, the cytosolic RLRs (RIG-I-like receptors, such as RIG-I, Mda-5 and LGP2) and the toll-like receptors (TLRs) in the endolysosomal compartments were obvious candidates. Transfection of total RNA extracts isolated from cp BVDV-infected cells into uninfected MDBK cells induced IFN synthesis in a 5′-triphosphate-independent manner [@bib0100], which points to Mda-5 as possible PRR. However, as RIG-I is not strictly dependent on a 5′-triphosphate moiety [@bib0170], other receptors in addition to Mda-5 could not be excluded. Accordingly, Hüsser et al., using lentivirus-mediated transduction of short hairpin RNA, nicely demonstrated that CSFV is sensed by Mda-5, RIG-I and TLR-3 in porcine PK-15 cells [@bib0175]. In addition, IFN-α secretion in pDCs induced by CSFV infection or by cell-cell contact with CSFV-infected cells was severely reduced by an oligodeoxynucleotide inhibitor of TLR7 [@bib0180]. Activation of pDCs by CSFV infection required replication of the virus, as UV inactivation or neutralization of the virus suspension with neutralizing antibody completely abrogated IFN-α release, whereas IFN expression upon cell-dependent RNA transfer was independent on infectious virus particles [@bib0180], [@bib0185].

These results show that cytosolic and endolysosomally localized PRRs are able to detect the presence of pestiviral RNA. RLRs located in the cytosol most probably detect replicative double-stranded intermediates of various length formed during viral replication in productively infected cells. However, it remains unknown how this dsRNA gets access to TLR-3 containing compartments. On the one hand, dsRNA might be liberated from infected cells that undergo spontaneous or virus-induced apoptosis and then becomes endocytosed by neighboring cells [@bib0190]. On the other hand, viral RNA present in the cytosol might be shuttled to endosomes by the formation of autophagosomes as shown for VSV and activation of TLR-7 in mouse pDCs [@bib0195]. But the fact that pestiviral replication was purported to be even enhanced by autophagy in PK-15 or MDBK cells [@bib0200], [@bib0205] argues against the latter possibility. Finally, virus replication complexes might be already formed in membranous vesicles as described, *e.g*., for corona- or hepatitis C viruses [@bib0210], [@bib0215], but such large membrane arrangement were not observed in pestivirus infected cells [@bib0105]. Notwithstanding, dsRNA was localized inside the lumen and outer membranes of multivesicular bodies (MVBs) in MDBK cells infected with the pestivirus strain Giraffe-1, but whether these vesicles represent autophagosomes that hide the dsRNA from detection by the innate immune system followed by disposal in lysosomes, or whether they are true sites for viral replication is currently unknown [@bib0105].

Finally, viral ssRNA represents a PAMP on its own as shown by the activation of TLR-7 in porcine pDCs [@bib0180]. This indicates that viral replication is not required to generate a danger signal, but viral RNA synthesis might be required in order to produce a sufficient amount of trigger molecules. The exact structure of the ssRNA molecule required to activate TLR-7/8 is not yet known, but AU- or GU-rich regions, or inosine-containing immunostimulatory ssRNA were reported to effectively activate TLR-7 [@bib0220], [@bib0225]. Interestingly, inosine incorporation seems to increase the RNA's secondary structure that enables its recognition by TLR-3 [@bib0230], further demonstrating that highly structured ssRNA in addition to dsRNA is a TLR-3 agonist [@bib0235]. This is confirmed by the fact that *in vitro* transcribed ssRNA of the BVD viral genome possess highly structured regions resistant to serum RNases and to RNase A (preferentially ssRNases) that are able to induce activation of TLR-3 [@bib0100], [@bib0240]. The 5′- und 3′-UTRs and long-range interactions between these two regions might be especially immunostimulatory [@bib0245], [@bib0250], but most regions within the BVD viral genome seem to possess high-ordered structures able to induce TLR activation [@bib0240].

In summary, various single- and double-stranded intermediates of viral RNA replication and viral genomic ssRNA or fragments thereof that were released by premature decay of extracellular or endosomal virus particles represent immunostimulatory nucleic acids. Based on their different localizations, a variety of PRRs in different compartments, *e.g*., RLRs in the cytosol and TLRs in endolysosomes, might become activated by pestiviruses.

2.3. Innate immunotolerance {#sec0025}
---------------------------

Infection of the fetus at an early stage of development as described above effectively bypasses the adaptive immune system by establishing self-tolerance including B- as well as T-cells. In addition, maternal neutralizing antibodies cannot cross the ruminant epitheliochorial placenta, further protecting the virus from a humoral immune response within the fetus. However, in order to succeed in establishing persistent infection, BVDV still requires to cope with the innate immune system already active from the outset. Thus, the interaction of ncp BVDV with its host bypasses the adaptive immunity by inducing central immunotolerance, as well as evades innate immunity, with the IFN system as one of the most important antiviral defense systems of the host.

The N-terminal non-structural autoprotease N^pro^ and the envelope glycoprotein E^rns^ are two IFN antagonists expressed by pestiviruses that are unique to this genus within the flavivirus family. In the past few years, it became more and more evident that both antagonists are required in a non-redundant way to successfully establish persistent fetal infection [@bib0255]. N^pro^ expressed in virus infected cells is responsible for polyubiquitinylation and proteasomal degradation of the transcription factor IRF-3 in an as yet unknown manner but without requiring its proteolytic activity. By contrast, secreted E^rns^ prevents the activation of the host's TLRs also in non-infected cells by endonucleolytic degradation of viral RNA prior to their activation of the corresponding PRRs (for reviews, see Refs. [@bib0025], [@bib0030], [@bib0125], [@bib0260], [@bib0265]). Collectively, it appears that N^pro^ and E^rns^ effectively reduce or at least delay IFN induction. The fact that the highly replicating cp biotype of pestiviruses similarly express these two IFN antagonistic proteins indicate that there exists a delicate balance between the level of PAMPs and the capacity to limit their effects on the innate immune response of the host. With pestiviruses exhibiting a rather broad cell tropism, expression of N^pro^ as the very first protein enables an efficient and fast inhibition of dsRNA-induced responses in all cells containing replicating virus. In addition, the rather unspecific cell and host tropism of soluble E^rns^ (see below), which is even active, *e.g.*, in canine or human cells [@bib0270], prevents TLR activation in a large variety of uninfected cells within the host animal.

Nevertheless, despite the availability of such effective inhibitory mechanisms, both biotypes of BVDV induce the expression of IFN *in vivo* after infection of adult animals [@bib0275], [@bib0280], [@bib0285]. By contrast, only ncp BVDV strains are immunologically silent in fetuses and PI animals [@bib0030], [@bib0290]. The latter fact might still be debated as chronic up-regulation of type-I and type-II interferon was reported in bovine fetuses infected early *in utero* [@bib0295]. Indeed, 48% of PI animals but only 12% of non-PI control animals expressed Mx protein in PBMCs *ex vivo*. However, there was no correlation with the amount of viral RNA or E^rns^ protein and only a week positive correlation with the infectious virus titer in the plasma of the PI animals (T.T.H. Pham Blume and M. Schweizer, unpublished observation). This indicates that it is rather the increased susceptibility of PI animals to secondary infections [@bib0125] than the persisting virus itself that is the cause for the increased activation of the IFN system in these animals. Whether this increased susceptibility is related to the selective immunosuppression elicited by the expression of the IFN antagonists and whether it is more distinctive for pathogens exploiting these pathways remains to be shown. Thus, the precise adjustment of inhibitory and stimulatory triggers of the innate immune system and their spatiotemporal control *in vivo* are not yet sufficiently characterized. Notwithstanding, it appears that the evasion of the IFN response is the central element for ruminant pestiviruses to induce persistent infections. In the next paragraphs, we will specifically describe the mechanisms of E^rns^ contributing to the establishment and maintenance of innate immunotolerance in PI animals, and put it into relation to other host and viral nucleases that are involved in the depletion of immunostimulatory self and nonself nucleic acids.

3. E^RNS^ as IFN antagonist {#sec0030}
===========================

E^rns^, initially termed E0, was first detected at the surface of pestiviral particles and shortly thereafter also in the supernatant of virus infected cells [@bib0300], [@bib0305]. Accordingly, E^rns^ was detected *in vivo* with concentrations up to 50 ng/ml in the serum of PI animals [@bib0145]. Both, secreted and structural E^rns^ are mostly found as disulfide-linked homodimers of around 100 kDa [@bib0310], with carbohydrates contributing approximately half of the apparent molecular weight [@bib0300]. E^rns^ contains nine highly conserved cysteine residues that form four intramolecular disulfide bonds [@bib0315]. The C-terminal cysteine at the position 171 (C171) forms an intermolecular disulfide bond between two E^rns^ monomers and a substitution of this residue results in a loss of the dimeric status [@bib0320]. To that effect, viruses encoding monomeric E^rns^ are not restricted in their replication *in vitro* but are attenuated *in vivo* [@bib0320], [@bib0325].

As envelope glycoprotein, E^rns^ plays a role in virus attachment through interactions with the cell surface glycosaminoglycans (GAGs) [@bib0330], [@bib0335]. Binding of E^rns^ to GAGs involves a cluster of basic residues (480-KKLENKSK-487) near the C-terminus, with the lysine residues at positions 481 and 485 being critical for binding [@bib0340]. Nonetheless, pseudotyped particles containing only E1 and E2 of CSFV were still able to mediate virus entry [@bib0345]. In addition to its contribution to virus attachment, the C-terminus is folded into an amphipathic helix that anchors E^rns^ in plane into the membrane of the viral envelope [@bib0350], [@bib0355]. Detailed analyses depicted that the amphipathic helix lies with a slight tilt within the membrane just underneath the lipid head domain [@bib0360], [@bib0365]. To ensure a sufficient number of protein molecules for the production of new virus particles, a large number of the E^rns^ proteins remains within the infected cells in a not yet defined part of the endoplasmic reticulum (ER) by a specific retention signal located within the C-terminal amphipathic helix [@bib0370]. In summary, the *C*-terminus of E^rns^ fulfills different tasks: it anchors the protein into the viral envelope, it attaches soluble E^rns^ to the cell surface via its GAG-binding sites and it helps to maintain an appropriate ratio of cell-associated and soluble E^rns^.

In 1993, it was reported that, in addition to its function as envelope glycoprotein, E^rns^ resembles ribonucleases of the RNase T2 family and indeed degrades preferentially ssRNA ([@bib0375]; for review, see Refs. [@bib0030], [@bib0125], [@bib0380]). Thereby, E^rns^, but not RNase-inactive mutants, potently inhibit IFN expression induced by the addition of extracellular synthetic or viral ss- or dsRNA [@bib0100], [@bib0145], [@bib0385]. According to X-ray structure analyses, however, E^rns^ is only able to bind ss- but not dsRNA in the active site [@bib0390]. Hence, the mechanism of E^rns^ to degrade dsRNA remains to be investigated, but we propose that it might act as a nicking endoribonuclease targeting the two strains of dsRNA individually ([@bib0395], and Lussi et al., in preparation). These *in vitro* results are also applicable *in vivo*, as BVDV and CSFV mutant viruses encoding for an E^rns^ protein lacking its RNase activity are severely attenuated [@bib0400], [@bib0405].

Owing to the GAG-binding site within the amphipathic helix, E^rns^ rather unspecifically binds to cell surfaces, and is thus able to act as IFN antagonist in cells of various species, *e.g*., caprine, ovine, canine, or human cells. Mutant proteins lacking 37 amino acid residues of the C-terminus, including the GAG-binding site, were severely limited in their inhibition of dsRNA-induced IFN expression [@bib0270]. Furthermore, binding to the cell surface was followed by an energy-dependent uptake *via* clathrin-mediated endocytosis, which strongly indicates that E^rns^ cleaves its substrate in an intracellular compartment [@bib0270] ([Fig. 1](#fig0005){ref-type="fig"} B). This is corroborated by the fact that RNase-active E^rns^ effectively inhibited activation of TLR-3 by extracellularly added dsRNA or viral ssRNA that is resistant to serum RNases of the host ([Fig. 1](#fig0005){ref-type="fig"}A), and of TLR-7 by virus-infected cells in contact with pDCs [@bib0180], [@bib0270]. By contrast, activation of TLR-7 by R848 was not inhibited by E^rns^ [@bib0270] further indicating that it does not inhibit any downstream signaling but rather degrades the viral PAMP prior to activation of TLRs ([Fig. 1](#fig0005){ref-type="fig"}). As extracellular dsRNA was reported to be delivered to endosomal and -- by an unknown way -- to cytosolic PRRs, it cannot formally be excluded that RLRs are activated as well [@bib0410]. But E^rns^ potently inhibits IFN induction by extracellular dsRNA, and it can thus be postulated that the dsRNA might well be degraded within an endolysosomal compartment prior to any transfer to the cytosol. Accordingly, IFN induction was unimpeded in E^rns^-expressing cells upon lipofectin-mediated transfection of poly(IC), whereas the effect of dsRNA added to the medium was completely blocked [@bib0145].Fig. 1Pestiviral E^rns^ inhibits ss- and dsRNA-induced type-I interferon (IFN) synthesis. Viral ss- and dsRNA, *e.g*., from dying infected cells, are potent pathogen-associated molecular pattern (PAMP) that are sensed by the corresponding pattern-recognition receptor (PRR) such as TLR-7 and TLR-3. Both toll-like receptors are located in endolysosomal compartments and, once bound by their substrates, they induce downstream signaling that leads to IFN expression. As many regions of the BVD viral genome are resistant to degradation by extracellular serum RNases, they effectively induce the cell's innate immune response (A). By contrast, soluble E^rns^ is taken up by clathrin-mediated endocytosis that enables this RNase to effectively degrade the viral PAMPs prior to TLR activation (B). The annotation of the elements in the figure is depicted in the panel on the right.Fig. 1

An endosomal location of E^rns^ is also in agreement with its preference for a slightly acidic milieu. E^rns^ is active in a broad pH range from about 4--7.5 with an optimum around a pH value of 6, measured in a 40 mM sodium- or *tris*-acetate buffer [@bib0415]. By contrast, E^rns^ degraded poly(IC) but not *in vitro* transcribed dsRNA in cell culture medium (pH 7.2--7.4) with the latter being cut at a pH value of 4.5 [@bib0385]. However, by comparing the activity of E^rns^ at pH 6.5 and 7.3 in *tris*-acetate buffer versus cell culture medium (MEM), we demonstrated that the activity of E^rns^ is much lower in HEPES-buffered MEM irrespective of the pH tested ([Table 1](#tbl0005){ref-type="table"} ), implying that there might be an unknown inhibitory factor in the cell culture medium different from the buffer substance itself.Table 1Degradation of *in vitro* transcribed pestiviral ss- and dsRNA [@bib0100] by E^rns^ in various buffer systems at pH 6.5 or 7.3, with rating from very strong degradation (+++; green) to no degradation (red). *Tris*Ac: *tris*-acetate buffer; MEM: Minimum Essential Medium; n.d.: not done.Table 1![](fx3_lrg.gif)

Based on the fact that GAG-binding of E^rns^ is required prior to its uptake by endocytosis, we were able to effectively prevent or reverse binding of E^rns^ to cell membranes by heparin treatment ([Fig. 2](#fig0010){ref-type="fig"} A). Furthermore, even after removal of all extracellular E^rns^ by heparin after one hour of incubation, the viral RNase was still able to inhibit dsRNA-induced IFN expression in bovine turbinate cells up to 3--6 days later [@bib0270]. Finally, complexation of dsRNA with the human cathelicidin LL-37 completely protected the nucleic acid from degradation by E^rns^ *in vitro*. Nonetheless, IFN induction by these dsRNA-LL-37 complexes was inhibited in E^rns^-treated cells, which suggests that the RNA dissociates from LL-37 in order to the nucleic acid being accessible to degradation by the viral RNase within the corresponding compartment ([Fig. 2](#fig0010){ref-type="fig"}B). This is in complete accordance with E^rns^ being active at pH values as low as 4.5 and with the fact that poly(IC) dissociates from LL-37 at low pH values, *e.g*., upon endosomal acidification [@bib0420], which is a further indication for the endolysosomal localization of E^rns^. The exact location of E^rns^ inside the various cell types, and the mechanism of how it specifically encounters its targets, *i.e.*, ss- and dsRNA, remain to be established.Fig. 2Pestiviral E^rns^ inhibit viral RNA-induced IFN synthesis in endosomal compartments. Blocking E^rns^ from entering the cell by heparin treatment prevents this viral RNase to inhibit ss- and dsRNA-induced IFN expression (A). By contrast, despite protection from RNase degradation by complexation of nucleic acids, *e.g*., by LL-37, IFN expression induced by complexed viral RNA is nevertheless inhibited by E^rns^, as endosomal acidification leads to separation of LL-37 from the RNA that makes it immediately amenable for degradation by E^rns^ also at low pH values (B). The annotation of the elements in the figure is depicted in the panel on the right.Fig. 2

4. Nucleases and innate immune activation {#sec0035}
=========================================

4.1. Viral nucleases {#sec0040}
--------------------

A number of viruses express ribonucleases, which play crucial roles in viral replication and in virus-host interactions. These viruses comprise negative-strand RNA virus of the orthomyxo-, arena-, or bunyavirus families, plus-strand RNA viruses such as nidoviruses, or DNA viruses such as herpesviruses. The role of these virus-encoded *exo*- and endoribonucleases, *e.g*., in proof-reading, mRNA cap snatching, protein synthesis shutoff, or RNA interference were described in a number of excellent reviews [@bib0210], [@bib0380], [@bib0425], [@bib0430], [@bib0435]. In the following, we therefore only describe few examples for the role of viral RNases in evasion of the host's innate immune response.

Viruses in the order *Nidovirales*, including corona, arteri- and roniviruses, encode for a large number of IFN antagonists within their extraordinary large RNA genome [@bib0440]. Among them, the exonuclease ExoN within non-structural protein (nsp) 14, the endoribonuclease EndoU encoded by nsp15, and possibly the nsp1β of the arterivirus porcine reproductive and respiratory syndrome virus (PRRSV) possess RNase activity. The latter seems to be conserved only in PRRS viruses, whereas nsp1 in coronaviruses was reported to lead to host translational shut off by degrading host mRNAs through a yet unknown host endonuclease, but its precise role and conservation among the nidoviruses remain to be clarified [@bib0425], [@bib0435], [@bib0440]. The exoribonuclease ExoN within the *N*-terminal part of nsp14 in coronaviruses (that also harbors an N7-methyltransferase activity at the *C*-terminus) is responsible for 'proof-reading' during replication of these large nidoviruses, but additionally, a role for ExoN in degrading RNA to avoid their recognition by the host's PRRs was suggested [@bib0210]. Finally, the endonuclease nsp15 (nsp11 in arteriviruses) cleaves ss- and dsRNA preferably at uridine residues [@bib0210], [@bib0380], [@bib0435]. The substrate of the RNase activity in nsp15 is not yet known, but it might be conceivable that nsp15 degrades viral RNA to avoid its recognition as PAMP by cellular PRRs [@bib0210]. Alternatively, nsp11 of the arterivirus PRRSV was reported to degrade MAVS mRNA [@bib0445], but this is still debatable as this conclusion was presumably drawn from experiments using single protein overexpression and the original data were not yet published.

Akin to pesti- and coronaviruses, arenavirus infections are linked to suppression of the host innate immune system. The nucleoprotein (NP) of the prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) was shown to be able to inhibit an IFN type I response by blocking IRF-3 nuclear translocation [@bib0450]. This observation was later extended to other arenaviruses, including Lassa virus, and it was demonstrated that a 3′-5′ exoribonuclease activity in the C-term of NP is essential for the IFN suppression. Determination of the crystal structure of NP of Lassa and Tacaribe virus and biochemical analyses confirmed that the structure of NP contains an exonuclease domain of the DEDD family that is able to cleave 5′-triphosphate dsRNA templates *in vitro*. Collectively, there is strong evidence that the exonuclease activity of NP is conserved in all arenaviruses and is required to prevent activation of RIG-I by the degradation of viral PAMPs ([@bib0455], [@bib0460], and references therein).

Almost every virus encodes for at least one mechanism to prevent its nucleic acid being recognized by the host and thereby activating the host's IFN response [@bib0155]. Overall, however, there is only few experimental evidence that viral nucleases indeed degrade their viral PAMPs to evade the host's innate immune defense. By contrast, there are several instances of host nucleases that use a similar strategy to degrade own danger molecules that might participate in autoimmune pathologies as exemplified in the following section.

4.2. Host nucleases {#sec0045}
-------------------

Inappropriate activation of type-I interferon goes along with many autoinflammatory and autoimmune diseases, and there is strong evidence that dysregulation of various host pathways that are required to contain immunostimulatory self nucleic acids play a causative role (for recent reviews, see *e.g*., refs. [@bib0465], [@bib0470], [@bib0475], [@bib0480], [@bib0485], [@bib0490]). In the following, a few examples are briefly described to illustrate the role of IFNs and of nucleases regulating IFN synthesis in autoimmune diseases.

In systemic lupus erythematosus (SLE), circulating IFN-α levels correlate with disease severity. The recognition of self-DNA or self-RNA by TLRs followed by an IFN-dependent auto-amplification loop seems to be a major mechanism of disease pathogenesis. Thus, in SLE, pDCs are continuously activated by immune complexes (IC) comprising self-nucleic acids (*e.g*., from apoptotic or necrotic cell material) and autoantibodies to self-RNA, -DNA or nucleoproteins followed by Fc receptor mediated uptake, which ultimately leads to the secretion of large amounts of IFN type-I in a TLR-7/8 or TLR-9-dependent manner. The constant IFN production, the IFN-dependent maturation of myeloid dendritic cells followed by stimulation of autoreactive T-cells and the differentiation of B-cells into autoantibody-secreting plasma cells further aggravate the disease symptoms [@bib0475], [@bib0495], [@bib0500], [@bib0505]. Anti-inflammatory treatment of SLE by glucocorticoids, which are thought to act via inhibition of NF-κB, shows only limited success in relieving SLE disease symptoms, as the continuous activation of TLRs in pDCs by self-nucleic acids also activate NF-κB that enhances pDC survival and, thus, continued IFN secretion is not abrogated [@bib0510]. In addition to autoantibodies, the antimicrobial cathelicidin peptide LL-37 and high-mobility group box 1 protein (HMGB1, a nuclear DNA-binding protein released from necrotic or cytokine-stimulated cells) might protect the self-nucleic acids from degradation by host nucleases, and facilitate their uptake by pDCs and B-cells. Interestingly, LL-37 -- which is produced by keratinocytes and neutrophils after skin injury -- is similarly overexpressed in psoriatic skin lesions, and its ability to complex self-RNA and self-DNA, to enhance its retention in the endosomes of plasmacytoid and of myeloid dendritic cells, and to trigger TLR-dependent IFN synthesis might be responsible for the observed breaking of self-tolerance [@bib0500], [@bib0515], [@bib0520]. Finally, there is genetic evidence obtained from studies with various knockout mice and genome-wide association studies that support the role of innate and adaptive immune responses in the development of SLE, such as pathways involved in removal of apoptotic bodies and ICs (including DNase I and Trex-1 (DNase III)), PRR activation and IFN expression, and interference with T- and B-cell signaling [@bib0525]. Remarkably, mice with the Y-linked autoimmune accelerating (Yaa) locus show enhanced sensitivity to develop lupus depending on the background of the mice, which was attributed to a X to Y chromosomal translocation resulting in the duplication of the gene encoding for TLR-7. The latter observation might also relate to the fact that women are around 10 times more often affected by SLE than men, which might be caused by incomplete X chromosome inactivation leading to insufficient TLR-7 dosage compensation [@bib0530], [@bib0535], [@bib0540].

Aicardi-Goutières syndrome (AGS) is a genetically determined, autosomal recessive disease of progressive encephalopathy of early childhood, very similar to congenital viral infections. Some children develop early-onset SLE or a cutaneous form thereof, familial chilblain lupus. AGS is caused by mutations in Trex-1, various components of the RNase H2 complex, SAMHD1, ADAR-1 and Mda-5 (for review, see *e.g*., [@bib0475], [@bib0545]). Trex-1 is the main 3′-5′ DNA exonuclease in mammalian cells and might be involved in the disposal of DNA from endogenous retroelements. Recently, it was reported that Trex-1 exerts in addition RNA exonuclease activity on ssRNA and on RNA/DNA hybrids and both, DNA and RNA exonuclease activity, are lost by the mutations found in AGS patients [@bib0550], which in the end leads to spontaneous activation of the cytosolic DNA sensor cyclic GMP-AMP synthase (cGAS) followed by IFN expression [@bib0555]. RNase H2 is composed of three different subunits performing endonuclease activity cleaving RNA in RNA/DNA hybrids or it cleaves the phosphodiester bond 5′ of individual ribonucleotides in DNA duplexes. The precise role of SAMHD1 in AGS is not yet known. The wild-type enzyme is a triphosphohydrolase, which reduces the cellular dNTP pool, and is an RNase, whose endogenous RNA substrate still needs to be identified. In any case, spontaneous IFN expression in SAMHD1 knockout mice was reported to involve intracellular RNA and DNA sensors, as additional knockout of the adapter proteins MAVS or STING abolished IFN production [@bib0560]. Finally, ADAR-1 deaminates adenosine to inosine in dsRNA and was reported to suppress IFN signaling, possibly by marking endogenous dsRNA as self avoiding recognition by Mda-5 [@bib0565]. Analogously, the mutations found in Mda-5 in AGS lead to a gain-of-function phenotype with increased affinity to dsRNA and enhanced IFN expression.

Combined, mutations that cause an aberrant nucleic acid-dependent signaling and increased IFN expression were described in all of these autoimmune disorders that finally lead to disease pathology. The "IFN signature" is a hallmark of all these "type I interferonopathies" [@bib0470], and retroelements, which make up half of the human genome, seem to be an important source of endogenous ligands for the host PRRs. Finally, there is a strong overlap between the control of self-nucleic acids and the antiviral innate immune response, further highlighting the need for a tight regulation.

5. Conclusion {#sec0050}
=============

During viral infections, the adaptive immune system is primarily responsible for the detection of nonself proteins. As viruses lack the elements of metabolism required for independent multiplication and, therefore, depend on the enzymes of their host cells to synthesize their proteins, viruses are largely recognized by their DNA and RNA genomes. Thus, it is the innate immune system that is in charge of detecting viral nucleic acids, which makes it a formidable task for the host to separate foreign from body's own as nucleic acids are not pathogen-specific by default. The difficulty of differentiation of self from infectious nonself nucleic acids becomes especially apparent when considering that around 10% of our own genome consists of retroviral sequences [@bib0570], [@bib0575]. To specifically detect nonself nucleic acids by the corresponding PRRs, a number of strict controls are required in order to avoid autoimmune reactions. For instance, nucleic acid-sensing TLRs are mostly confined to the endolysosomal compartment and their activation is pH dependent; modification of host nucleic acids, *e.g.*, methylation of nucleosides or incorporation of pseudouridine, prevents their recognition by PRRs or even negatively regulates TLR activation; or sequestration might render RNA or DNA invisible to the host. Finally, if all else fails, improper activation of the innate defense is prevented by degradation of immunostimulatory nucleic acids by host RNases or DNases [@bib0480], [@bib0515]. Thus, quite some knowledge was gained on the role of host nucleases in preventing autoimmune diseases (compare Section [4.2](#sec0045){ref-type="sec"}), but most of these are localized intracellularly. By contrast, despite extracellular RNases were mentioned many times in the literature to play a role in eliminating free extracellular RNA (for instance in ref. [@bib0580]), a specific role of these RNases in the elimination of immunostimulatory self RNA has not unequivocally been demonstrated. One reason for this might be the large variety of endogenous RNases found in the serum, *e.g*., RNases of the RNase A and T2 family [@bib0585], [@bib0590], [@bib0595], which might prevent the establishment of single-gene knockout mice with a clear phenotype.

In order to survive in the host population, we propose the hypothesis that ruminant pestiviruses induce persistence in its host animals by completely pretending to be part of the body's own, which is a clear advantage for the survival of the host and for successful virus transmission. As a result of the early fetal infection, BVD viral proteins already become part of the host's own with regard to the adaptive immune system by inducing central immunotolerance. As there is no or only limited long-term innate immune memory [@bib0600], maintaining tolerance to self nucleic acids is an enduring challenge for any host. As the pestiviral genome appears to be at least partially resistant to the host's extracellular RNases, the host's safeguard mechanism as described above fails to prevent TLR activation by misdirected viral ss- and dsRNA. Thus, the extracellularly secreted viral endonuclease E^rns^ might be regarded as an extension of the host's RNase substrate specificity to avoid inappropriate activation of the innate immune system by immunostimulatory viral RNA ([Fig. 1](#fig0005){ref-type="fig"}). With its capability of being endocytosed into endolysosomal compartments and with its RNase being active over a broad pH range, E^rns^ is able to efficiently degrade viral PAMPs at all relevant compartments. Even in the case of extracellularly sequestered immunogenic RNAs that are protected from degradation by RNases, E^rns^ effectively prevents them from stimulating TLRs as they are required to dissociate prior to activation of TLRs [@bib0420], which immediately exposes them to the pestiviral RNase ([Fig. 2](#fig0010){ref-type="fig"}). Consequently, the virus in persistently infected animals is entirely tolerated by the host similarly to its own immunostimulatory nucleic acids without inducing overt disease [@bib0605]. Similarly, overexpression of TLR-7 in transgenic mice lead to a lupus-like disease phenotype, which could be partially reversed by additionally overexpressing secreted bovine RNase A [@bib0610].

The host's IFN response is the prime antiviral defense system by inducing direct innate immune reactions and by shaping adaptive immunity. Thus, the survival strategy of BVDV consists of being non-cytopathogenic and producing less dsRNA than its cp counterpart, and expressing the IFN antagonists N^pro^ as the first protein in order to reduce or even avoid IFN production in infected cells and E^rns^ to degrade immunostimulatory viral RNA before they might activate the host's PRRs. Notably, both pestiviral IFN antagonists are not only required to constantly maintain innate immunotolerance during persistent infections, but they also play an important role in acute infections [@bib0125]. Thus, RNase-inactive mutants of pestiviruses are attenuated upon acute infections [@bib0400], [@bib0405], and the evasion of the host's IFN response by N^pro^ and E^rns^ upon acute infection with CSFV is also important for the virulence of the virus and the severity of immunopathology caused by the infection [@bib0615]. Thus, the pestiviral IFN antagonist, on the one hand, extend the host's specificity to tolerate self nucleic acids to its own viral RNA during persistence and, on the other hand, participate in the evasion of the host's IFN response during acute, transient infections, further illustrating the dichotomy of immunotolerance and the antiviral immune response.

This model might well shed new lights on fundamental questions on the innate tolerance to self nucleic acids and the specific detection of viral nonself RNA. These aspects are highly relevant also for the prevention of chronic IFN induction and autoimmunity induced by "self-RNAs" that might be fundamental beyond the mechanism of an animal disease [@bib0620]. Finally, the mechanism of the soluble pestiviral endoribonuclease E^rns^ during persistent infection to support the virus in its strategy to pretend to be part of the body's own might be analogous to the role of the host's own extracellular nucleases to continuously maintain innate immunotolerance to its own immunostimulatory nucleic acids.
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